ABSTRACT MITANI, MICHIKO (National Institute of Genetics, Mishima, Japan), AND TETSUO IINO. Electron microscopy of bundled flagella of the curly mutant of Salmonella abortivoequina. J. Bacteriol. 90:1096Bacteriol. 90: -1101Bacteriol. 90: . 1965.-The arrangement of flagella was observed by dark-field and electron microscopy in three strains of Salmonella abortivoequina, namely, normal flagellar, curly flagellar, and paralyzed curly flagellar strains. With dark-field microscopy, bundled flagella could be seen in 5 to 10% of actively moving normal or curly mutant cells. Under the electron microscope, a great many bundled flagella were observed in the curly mutant strain, but in the normal strain most of the flagella were dissociated or the bundles were rather loose and irregular. Normal flagella seem to separate easily during the process of preparation, but not the curly ones. Single flagella were found to run parallel with each other and to form a bundle consisting of five or more flagella; the bundle was spirally gyrating, with the characteristic flagellar wave. It is thought that the bundle observed with the electron microscope corresponds to that observed under the dark-field microscope. Further, the marked decrease of bundle formation in the paralyzed curly mutant cells suggests that bundle formation is not caused by curly flagellar structure per se, but corresponds to the mode of locomotion of peritrichously flagellated bacteria.
Flagella play an important role in the locomotion of bacteria. The study of their shape in a moving bacterium promises to provide a valuable means for the clarification of the method of bacterial locomotion. The shape and behavior of flagella have been observed under the dark-field microscope by Pijper (1957) , who reported that a peritrichously flagellated bacterium swimming in a liquid medium appears as a bright particle trailing the spirally twisted bundle and moving forward by its gyrating motion. On the other hand, peritrichous flagella observed in stained preparations under optical and electron microscopes are separated from each other, being distributed around the bacterial body (Houwink and van Iterson, 1950; Leifson, 1960) . Occasionally, bundled flagella are found in peritrichously flagellated strains under the electron microscope. Because they are irregular, it is hard to reconstruct their conformation in the moving bacteria. Therefore, the relation between the bundled flagella as observed under an electron microscope and under a dark-field microscope has remained an open question.
During the course of an investigation of mutations concerning the shape of flagella, a curly mutant of Salmonella abortivoequina was found to preserve well the bundle formation observed in a moving bacterium under a dark-field microscope. The present paper presents a detailed description of bundled flagella observed in a peritrichously flagellated strain under an electron microscope.
MATERIALS AND METHODS
The three strains of S. abortivoequina used were: SL23, a phase 2 stable strain with normal peritrichous flagella; a curly flagellar mutant, SJ30, originating from SL23 (Iino, 1962) ; and a paralyzed mutant, SJ706, obtained from SJ30. Cells of the curly strain rotate and show a tendency to aggregate with each other in broth; the paralyzed mutant cannot move at all, and its cells do not aggregate.
The medium for the cultivation of bacteria consisted of 0.15% beef extract (Difco), 0.15% yeast extract (Difco), 0.5% Kyokuto peptone, 0.1% glucose, 0.35% NaCl, 0.36% K2HPO4, and 0.32% KH2PO4.
For microscopy, cells inoculated into 10 ml of medium and incubated for 2 hr (with aeration) at 37 C were used.
Dark-field microscopy was by the procedure of Pijper and Abraham (1954) ; bacterial samples were prepared by mixing a drop of culture fluid with the same amount of saline containing 0.5% methylcellulose (Junsei Pure Chemicals & Co., Ltd.). Manicure enamel was used for sealing the cover slides. The microscope used was a 7-v Ernst Leitz 1096 ELECTRON MICROSCOPY OF BUNDLED FLAGELLA Wetzlar 457210, in combination with a Chiyoda immersion objective (X 90) with iris and a Zeiss eyepiece (X 10).
For electron microscopy, cultures were centrifuged at 1,200 X g for 20 min, and the pellets were suspended in distilled water. The flagella were fixed either in 1% phosphotungstate (PTA) or in the vapor of 1% Os04 for 10 min. Small drops of the suspension were placed on collodion supporting films and were dried immediately in a small chamber by removing the internal air with a vacuum pump. For negative staining by PTA, the fixation was made before transferring the cells to the supporting films. Samples without fixation or fixed with OS04 vapor were shadowed with chromium. The electron microscope was a JEM T6S (Japan Electron Optics Laboratory Co., Ltd.), with a single condenser system and accelerating voltage of 60 kv.
RESULTS
Dark-field microscopy. Most of the cells were motile either in normal or curly mutant cultures when observed immediately after mounting them on slides. But the number of motile bacteria decreased gradually with the passage of time. Bundled flagella were observed in 5 to 10% of actively moving cells; they were blurred and had the appearance of a smooth straight tail as reported by Pijper (1957 (Fig. 1) . These values correspond to the characteristic wavelength and amplitude of normal and curly mutant cells, respectively (Pijper and Abraham, 1954; Leifson, Carhart, and Fulton, 1955) .
Electron microscopy. A great many bundled flagella were observed under the electron microscope in the curly strain, but most of the flagella in the normal strain were dissociated (Fig. 2) The details of bundled flagella of the curly mutant were observed in chromium-shadowed samples (Fig. 3) . Each single flagellum of a bundle was spirally coiled; they were not arranged side by side to form an agglomerate as indicated by previous workers (Houwink and van Iterson, 1950; Weibull, 1960) . Though the coiled flagella were flattened out on the supporting films by PTA staining or OS04 fixation, the micrographs obtained from nonfixed and immediately dried specimens ( Fig. 3) showed a three-dimensional structure. This structure was also seen in darkfield micrographs (Fig. 1) ; bright and faint parts were alternately arranged on the spiral of a bundle. The bundle observed with the electron microscope may correspond to that observed with the dark-field microscope.
Since moving curly mutant cells retain their flagellar shape, it might be thought that, in the paralyzed curly mutant, the number of bundled flagella would be reduced. To test this, paralyzed curly mutant strain SJ706 cells having more than five flagella were counted ( Table 1 -...,'i. .; :iiil .t:
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DIscussiON
It has been noted by several investigators that the flagella of a peritrichously flagellated bacterium form a bundle when the cell is swimming (Pijper, 1957 Houwink and van Iterson (1950) , one clear bundle of curly flagella of Agrobacterium radiobacter can be seen in which the flagella are coiled around each other, although the helix of the bundle is distorted.
It has already been argued that flagella possess a tendency to unite into bundles (Stocker, 1956; Houwink and van Iterson, 1950; Weibull, 1960) . Weibull (1960) presented a fine picture of an agglomerate of detached flagella appearing as a tress. The curly flagellar mutant, SJ30, differs from the normal flagellar strain, SL23, at a single site of the flagellin structural gene (lino, 1962) . The increased preservability of the bundles in the curly strain may be primarily attributed to a configurational change in the flagellin monomer.
In contrast to the curly strain, bundle formation of flagella is markedly decreased in its paralyzed mutant. By genetic analysis of the paralyzed mutant, it was shown that paralysis of the strain was caused by the mutation of a motility gene, mot (NIitani and lino, unpublished data). The biochemical role of the mot on bacterial motility has not been clarified as yet. However, it is known that mot is genetically distinct from the flagellin structural gene, Hi and H2, and the paralysis caused by mutation of mot was presumed to be attributed not to the structural alteration of flagella but to a defect in the locomotion mechanism (Beighton, Porter, and Stocker, 1958; Enomoto, 1962) . Therefore, the marked decrease in bundle formation in the paralyzed curly mutant cells may indicate that the forma-1100
